The pulmonary toxicity of prolonged exposure to high consponse to hyperoxia, we measured changes over time in total centrations of oxygen is well recognized (1, 2). The patho- importance in protection from oxygen administration (6, 8) . The majority of these early studies, however, were done using the rat as a model of oxygen toxicity, a species some-(Received in original form August 6, 2001 and in revised form November 22, 2002) what unique in its ability to upregulate antioxidant enzyme be the balance between these factors, rather than any one messenger RNA, mRNA; metallothionein, MT; nitric oxide synthase, NOS; factor, that modifies the development of lung injury during nuclear factor B, NF-B; plasminogen activator inhibitor-1, PAI-1; platelet hyperoxia, we postulated that array technology would proendothelial cell adhesion molecule-1, PECAM-1; reactive oxygen species, ROS; RNAse protection assay, RPA; reverse transcriptase-polymerase vide a powerful tool for studying the mechanisms behind chain reaction, RT-PCR; superoxide dismutase, SOD; transforming growth this response. Accordingly, we first used a large-scale, cusfactor, TGF; thrombomodulin, TM; tumor necrosis factor, TNF. tom array to study changes in the differential expression Am.
microarray.uc.edu/). Briefly, clones from the Incyte Genomics associated with oxidative stress, inflammation, cell cycle mouse GEM1 Library (Incycle Pharmaceuticals Inc., Palo Alto, progression, apoptosis, and extracellular matrix repair. We CA) were amplified by PCR and printed onto glass slides (Omnifocused on changes occurring during the early stages of grid Microarrayer; GeneMachines, San Carlos, CA). This set of hyperoxic injury (8, 24 , and 48 h of oxygen exposure) to cDNAs contains 3,205 clones of known genes, 2,045 RIKEN dissect those changes occurring as a consequence of cellular cDNAs, 2,103 nonannotated expressed sequenced tags (ESTs), activation rather than cellular injury. Second, because a 1,066 annotated ESTs, and 315 DNA segments or hypothetical number of known genes of interest were not included in proteins. RNA from five mice at each time point (0, 8, 24, and 48 the initial array analysis, a second set of arrays were examh of oxygen exposure) was collected. RNA from three mice at ined using two commercially available murine kits (Clon- examined changes in genes likely to be expressed on endomice/slide [n ϭ 2]). In each group, RNA was reciprocally tagged thelial cells as a more sensitive indication than current historandomly (i.e., the Cy3 and Cy5 dye switched, e.g., Cy3 for exposed pathologic techniques as to the onset of endothelial activaand Cy5 for control). Cy3 and Cy5 samples were co-hybridized tion and/or injury during prolonged exposure to oxygen.
with the printed cDNAs. Following hybridization, slides were washed and scanned at 635 (Cy5) and 532 (Cy3) nm (GenePix 4000B; Axon Instruments, Inc., Union City, CA). To adjust for
Materials and Methods

differences in probe labeling efficiency, balance coefficients (ratio
Animals and Exposure to Hyperoxia
of total Cy3 to total Cy5 fluorescence signal) were derived for each C57BL/6 female mice (Taconic Farms Inc., Germantown, NY) array. The average balance coefficient was 0.85 Ϯ 0.04. This balance were maintained at the animal facility a minimum of 2 wk before coefficient was then multiplied to each Cy3 value (minus backplacement in the hyperoxic chamber to minimize stress from shipground) and results expressed as a ratio. For inclusion in analysis, ping. Mice (8-10 wk old) were placed in a Plexiglas chamber (30 ϫ a cDNA covered its grid location on a slide by a minimum of 50% 38 ϫ 76 cm 3 ) through which 100% oxygen flowed at a continuous and a maximum of 400%. The average number of cDNAs passing rate of 10 liters/min. The concentration of oxygen was maintained these criteria per slide exceeded 8,750/slide. A mean and standard at Ͼ 95%, as measured using an oxygen analyzer (Model 600; error was calculated for each balanced differential expression value ESD, Newark, DE), for a period of 8, 24, or 48 h. Mice were ofusing GeneSpring (Silicon Genetics, Redwood City, CA). fered food and water ad libitum. At the designated time point, Data normalization and statistical analysis. Data normalization mice were anesthetized with ketamine and xylazine, and killed by was performed in three steps for each microarray separately. First, cervical dislocation before harvesting of the lungs en bloc. All channel-specific local background intensities were subtracted from experimental protocols were approved by the Animal Care and median intensity of each channel (Cy3 and Cy5). Let X1 and X2 Use Committee, University of Pennsylvania, Philadelphia, PA.
denote the Cy5 and Cy3 intensities after subtracting local backgrounds, respectively. Second, background-adjusted intensities were log-transformed and the differences and averages of log-trans-
RNA Preparation
formed X1 and X2 were calculated: R ϭ log2(X1) Ϫ log2(X2) and After mice were killed, lungs were immediately placed in 4 M A ϭ [log2(X1) ϩ log2(X2)]/2. Third, data centering was performed guanidine isothiocyanate, 0.5% N-laurylsarcosine, 25 mM sodium by fitting the local regression model of R as a function of A (18). citrate, and 0.1 M ␤-mercaptoethanol solution and homogenized.
The difference between the observed log-ratio and the correspondTotal lung RNA was isolated using a modified one-step method of ing fitted value represented the normalized log-transformed gene acid guanidinium-thiocyanate phenol-chloroform extraction (16) , expression ratio. Normalized intensities for the two channels were followed by removal of contaminating genomic DNA by DNase I then calculated by adding a half of the normalized ratio to A for treatment (Roche Molecular Biochemicals, Indianapolis, IN). Only the Cy5 channel and subtracting a half of the normalized ratio RNA with a 260/280 ratio of Ͼ 1.7 was used. To check for genomic from A for the Cy3 channel. The statistical analysis was performed DNA contamination, 2 g of total RNA was used as a template in a PCR reaction with the primers for intronic sequences of the by fitting the following analysis of variance (ANOVA) for each mouse PECAM-1 gene. No visible PCR product in total RNA gene separately: Yijk ϭ m ϩ Ai ϩ Tj ϩ Ckϩ eijk, where the Yijkn sample was detected after 35 cycles, together with a positive control corresponds to the normalized log-transformed expression levels using as low as 500 pg of genomic DNA as a template in the PCR on the ith array (i ϭ 1,...,16), kth channel (k ϭ 1 for Cy5 and k ϭ reaction.
2 for Cy3), and for jth experimental treatment ( j ϭ 1 for the control and j ϭ 2, 3, 4 for 0, 8, 24, 48 h of hyperoxia, respectively),
Array Processing: Incyte Array
m is the overall mean intensity, Ai is the effect of the ith array, Tj is the jth experimental treatment, and Ck is the effect of the Microarray analysis. Differential gene expression of 8, 734 kth channel. Assumptions about model parameters were the same cDNAs were assessed using whole lung mRNA. The microarray as previously described (19). This model was fitted per gene and was fabricated by the Genomic and Microarray Laboratory, Center for Environmental Genetics, University of Cincinnati, (http:// statistical significance of the differential expression for each post-exposure time compared with the pre-exposure control was aspatterns, and a closer examination made of the four patterns with the largest changes in expression in at least one time point. sessed by calculating P values of linear contrasts. Finally, multiple
All genes that were significantly changed (P Ͻ 0.05) and at least hypothesis testing adjustment was applied by calculating False 1.5-fold different under hyperoxic conditions were more closely Discovery Rates (FDR) (20) for each (21). Each value is presented examined as to functional relationships within specific subsets of as a mean, standard error of the mean, P values, estimated differengenes (see below). tial expressions after adjusting for the dye effects, and corresponding FDR.
Semiquantitative RT-PCR: Confirmation of Selected Genes Clontech Array
A semiquantitative analysis of mRNA expression was performed to confirm and/or evaluate the differential expression of 44 selected To examine changes in known genes of interest not included in genes at 24 h of hyperoxia, with 25 genes of these genes evaluated the initial array analysis, we next examined changes at each time at all of the time points. Two micrograms of total RNA were repoint using a commercially available kit (Atlas Mouse Stress Array, verse transcribed to cDNA using Oligo(dT) 15 primer (Promega, Clontech) containing an additional 140 genes of interest. A total Madison, WI) and powerscript reverse transcriptase (Clontech). of two arrays were examined at each time point, with each array Synthesized cDNA was then submitted to real-time PCR using containing pooled samples from three mice (for a total n ϭ 6/time either the LightCycler System (Roche Molecular Biochemicals) as point). To further examine changes at 24 h, and to account for previously described (23) or the SmartCycler System (Cephied, biological and technical variation, additional RNA from seven Sunnyvale, CA). The amount of cDNA was normalized using control and six hyperoxic mouse lungs was studied and compared.
␤-actin levels. A minimum of three samples from control lungs A quantity of 2.5 g total RNA was reverse transcribed to cDNA and each hyperoxic time point were pooled and analyzed in quadruand labeled with 32 P following the manufacturer's instructions (Clonplicate. The relative expression level based on cycle number was tech, Palo Alto, CA). The 32 P-labeled cDNA probes from each compared between groups. mouse were then hybridized to two different nylon array filters for a total of 1,316 genes (Atlas Mouse 1.2 Array and Atlas Mouse Stress Array; Clontech). After washing, hybridized membranes Northern Blot Analysis were exposed to a phosphorimager screen for 5 d and scanned.
cDNA probes for ␤-actin, thrombomodulin (TM), and cysteine-rich The results were analyzed by Array Vision software v5.1 (Imaging protein 61 (cyr61) were synthesized as described above. A quantity Research Inc., St. Catherine's, ON, Canada). Arrays were used of 0.5 g of cDNA probe was labeled with Psoralen-Biotin, followonly once to minimize variability due to stripping procedures.
ing the protocol provided by the BrightStar Psoralen-Biotin nonThe intensity of each spot was corrected by subtracting the isotopic labeling kit (Ambion Inc., Austin, TX). A quantity of 4.4 g background counts obtained from four regions surrounding each of mRNA was denatured in formamide, separated on a 1% agarose spot. Values were then normalized by dividing the backgroundgel containing formaldehyde and transferred to a positively charged corrected spot intensities by the mean intensity of all the backnylon membrane (BrightStar-Plus; Ambion). After hybridization ground-corrected spots on the array. Each array contained at least with the Psoralen-Biotin-labeled probe, bands were detected using six "negative control" DNA spots (i.e., bacterial, lambda phage, the BrightStar BioDetect Kit (Ambion). Intensity of the bands was or genomic DNA). The average value of the negative control spots analyzed by densitometric scanning of exposed film and quantion the Mouse 1.2 arrays was 0.16, with a high value of 0.25. Thus, tated by using Quantity 1 (PDI Inc., Huntingdon Station, NY). all genes with expression levels of Ͻ 0.25 were considered too
The expression levels of TM and cyr61 mRNA in each lung sample close to background and were not analyzed further. The average were standardized using ␤-actin mRNA as an internal marker. value of the negative control spots on the Mouse Stress arrays was 0.26, with a high value of 0.35. All genes on this array with expression levels Ͻ 0.35 were not analyzed further. The normalized RNase Protection Assays mean intensity of each gene was calculated for each group and an At designated time points from 2-72 h, whole lungs were harvested unpaired t test used for statistical analysis.
for analysis of chemokine mRNA expression using commercially To assess variability, RNA from three different lung samples available multicytokine RNase protection assays (RPA; Phar-(two controls and one hyperoxic animal) was run on duplicate Mingen, San Diego, CA). The intensity of each band was measured arrays performed at different times. When analyzed using a best using a computer-linked PhorphorImager with ImageQuant softfit regression model, the average value of r 2 was 0.93. However, in ware (Molecular Dynamics). Each intensity score was standardized the three comparisons, 36% of genes had more than 2-fold differas a relative ratio to L32 levels to correct for differences in RNA ences. Because of this variability, a relatively large number of aniloading. The RPA was performed using a riboprobe template for mals (seven control and six hyperoxic mice) were studied and mCK-5, which includes the C chemokine lymphotactin, the CC cheartificial "cutoffs" were not used to define differences between the mokines RANTES, eotaxin, MIP-1␤, MIP-1␣, MCP-1, and TCA3, groups. Instead, t tests were performed comparing the normalized the CXC chemokines MIP-2 and interferon (IFN)-␥-inducible proexpression levels of each gene for each treatment, and P values tein 10 (IP-10), and the housekeeping genes L32 and GAPDH. A computed.
second RPA was performed using a riboprobe template for mCK-3b, which includes tumor necrosis factor (TNF)-␣, TNF-␤, downregulates the expression of a number of genes (26) .
were removed and weighed and placed in 1 ml of extraction buffer Table 1 change seen on the arrays was similar in direction and magnitude to those seen using RT-PCR.
Results
Analysis of Specific Subsets of Genes Overall Gene Expression Changes
Based on the known pathogenesis of hyperoxic lung injury, Evaluation of the mean intensity values of the 8,854 genes we more carefully analyzed changes in gene expression of included in the array templates resulted in 8,031 genes (i ) antioxidant enzymes that did or did not contain the (90.7%) with sufficient intensity above background levels antioxidant response promoter element, (ii ) inflammatory in either the normal or hyperoxic group (see Materials and mediators, (iii ) cell cycle progression regulators, (iv ) apoMethods) for further analysis. Of the 8,031 genes further ptosis and anti-apoptosis factors, (v ) genes likely to be analyzed, 2,660 genes (33.1%) had significant changes (P Ͻ expressed on endothelial cells, and (vi ) genes involved in 0.05) from control values at any one time point. Over time, extracellular matrix repair. the number of genes with significant changes increased (8 h, Antioxidant enzymes. Given that generation of reactive 909 genes; 24 h, 1,052 genes; 48 h, 1,512 genes). A list of these genes, as well as a complete list of all gene expression oxygen species, including superoxide anion and hydrogen Closer examination of the fifteen genes showing the greatest degree of upregulation by array analysis at 24 h (P р 0.05) revealed several genes involved in glutathione cycling or containing cysteine-rich elements. Although more genes were downregulated than upregulated at 24 h, closer examination of the fifteen genes showing the greatest degree of downregulation by array analysis at 24 h (P р 0.05) revealed no clear pattern in terms of functional relationships. Genes listed in bold were validated using RT-PCR.
peroxide (H 2 O 2 ), has been demonstrated during exposure to hyperoxia in mice has been noted by others (29) . In contrast, plasma GPx (GPx3) and GPx2 expression increased to high concentrations of oxygen (5), upregulation of antioxidant enzymes (such as superoxide dismutase [SOD], glutasignificantly in response to hyperoxia (although the changes were rather small: 1.54-and 1.77-fold over control), while thione peroxidase [GPx] , and catalase) represent a first line of defense against oxidative stress (Figure 2 ). An increase the cellular isoform GPx1, as measured by RT-PCR, did not change ( Figure 2 , Table 3 ). Interestingly, GPx2, previously in lung SOD activity, more specifically the mitochondrial fraction MnSOD, has been correlated with the development identified as a cellular isoform in the gastrointestinal tract of rodents, was significantly elevated in the lung as early of oxygen tolerance in rats (6, 8, 27) . Expression of these enzymes was thus examined in detail.
as 8 h after exposure to hyperoxia. More recently, Cho and coworkers found a similar increase in this isoform after 48 h As shown in Figure 2 and Table 3 , the antioxidant enzymes showed no change or were only moderately upreguin the lungs of mice exposed to hyperoxia (30) . In contrast, glutathione reductase (GRed) was transiently decreased lated by exposure to hyperoxia. Although both MnSOD and catalase were included in the array, expression levels early in response to hyperoxia (8 h), but showed no change at the later time points. A change in the activity of GPx were too low for further analysis, so changes in gene expression were examined using RT-PCR. Using this technique, relative to GRed could result in a change in the balance between GSH and oxidized glutathione (GSSG) and overall we found no evidence for increased expression of MnSOD or CuZn SOD in response to hyperoxia. Catalase, already redox status of the lung. As a comparison to the above, Waxman and coworkers at a low level in the lung (28), did not change at 24 h, and actually appeared to be downregulated by 48 h of exposure.
(15) measured changes in the Mn-SOD, CuZn-SOD, catalase, GRed, and GPx enzyme activities in C57BL/6 mice A decrease in lung catalase protein and activity in response direct antioxidants by detoxifying reactive electrophilic me- In comparison, Kleeberger and coworkers have demonstrated upregulation in many Nrf-2 regulated enzymes in mice after 48-72 h of oxygen exposure (30) . For example, GPx2, HO-1, and NQO1 were significantly increased from exposed to 24 or 72 h of hyperoxia. 100% oxygen caused control values after 48 h, whereas GST Ya and UDP glycoa modest increase in whole lung MnSOD mRNA expression syl transferase were increased after 72 h. It is likely that by 24 h, although MnSOD, CuZnSOD, catalase, and GPx similar changes may have been seen in our mice at later enzyme activities did not change. Glutathione reductase time points. Interestingly, mice genetically deficient in Nrf-2 activity was decreased. Folz and coworkers (31) found an are markedly more susceptible to hyperoxia, with a more increase in total lung glutathione content, with a significant rapid development of lung injury (30) . increase in the percentage of GSSG in mice exposed to
In contrast to the moderate changes notes in other anti-48 h of hyperoxia. An increase in GPx activity in bronchooxidant enzymes, the cysteine-rich protein metallothionein alveolar lavage fluid was also noted. Therefore, although (MT) was among those genes most highly upregulated in upregulation in endogenous antioxidant enzymes has been response to hyperoxia, increasing expression over 7-fold by repeatedly demonstrated in rats in response to hyperoxia, 48 h of hyperoxia (Table 3) . Similar large increases in MT this does not appear to readily occur in adult mice.
have been demonstrated over time in a model of nickelIt has been recently recognized that, in addition to ininduced lung injury (17). The MT-1 promotor contains an creased expression of "classic" antioxidant enzymes, the ARE (36) and elevations in MT-1 during various forms of cellular response to oxidative stress includes increased exoxidative stress, including ultraviolet radiation, paraquat pression of a number of phase II xenobiotic detoxification toxicity, hydrogen peroxide, and hyperoxia (36, 37), may enzymes, due to activation of an antioxidant-response eleconstitute part of a second line of defense. Upregulation ment (ARE) first discovered in 1991 (32). The ARE is a of MT in response to cadmium has been shown to induce unique cis-acting regulatory sequence (TGAG/CTACT/C) cross-tolerance to ozone and hyperoxia (38). Similarly, ovin the 5Ј regulatory region of a number of genes important erexpression of MT decreases sensitivity of pulmonary enin antioxidant function and detoxification. In addition to their role in detoxification, these enzymes also serve as indothelial cells to oxidant injury (39), and MT has been Genes that had a ratio (hyperoxic/normoxic) greater than 1.5 and that had a significance value of P р 0.05 are labeled red. Those genes that had a ratio less than 0.66 (equivalent to a 1.5 fold change from baseline) and that a significance value of P р 0.05 are labeled blue. Those genes whose P value was Ͼ 0.05 are labeled yellow, and those genes that were not on the array or had values below our thresholds and were not examined further using RT-PCR are labeled white. The actual ratios are shown to the right of each box. CuZnSOD, copper zinc-containing SOD; MnSOD, manganese-containing SOD; ECSOD, extracellular SOD; GPX, glutathione peroxidase; GSH, reduced glutathione; GSSG, oxidized glutathione; G6PD, glucose 6-phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; R5P, ribulose-5-phosphate; GST, glutathione-S-transferase. nary findings from our laboratory showed that sequestration of leukocytes within the pulmonary microvasculature occurs A number of genes of interest had expression levels by array techniques considered too low to analyze or were not included in the array analysis. Therefore, by 8-12 h of hyperoxia, although infiltration into alveoli changes in expression of a number of antioxidant genes, genes regulated by the and significant lung injury occurs later (41) . However, the antioxidant-response element (ARE), and inflammatory mediators were invesmechanisms leading to the initial sequestration of leukotigated over time using the complementary technique of RT-PCR. Genes are listed in descending order according to changes in expression at 48 h. *P р 0.05. cytes in the pulmonary vasculature remain unclear.
Reactive oxygen species have been shown to initiate a number of signaling events that lead to endothelial cell shown to quench a wide range of reactive oxygen and nitro-"activation" and upregulation of cell adhesion molecules gen species in vitro (36) . and chemoattractants. More specifically, ROS have been In summary, during the first 48 h of hyperoxia in the mouse lung, upregulation of antioxidant enzymes was genshown to increase production of cytokines such as TNF-␣ (42), chemokines such as IL-8 (43), and adhesion molecules of hyperoxia (1.6-fold and 2.5-fold, respectively) while that
Changes in PECAM-1 and thrombomodulin were validated using RT-PCR and investigated further (see text).
of IP-10, which acts as a monocyte and T-lymphocyte chemoattractant, was increased 2.3-fold at 72 h. The relative balance between these two chemokines may also play a role in regulating other processes, such as angiogensis, during the responses, cell-cell interactions, apoptosis, and cellular prolater stages of hyperoxia. Increased pulmonary expression liferation. The importance of NF-B activation during hyof TNF-␣, IL-1␤, and IL-6 occurs after 72 h of hyperoxia peroxia in vivo remains controversial. NF-B activation, (45, 46) , although the temporal relationship between these with upregulation of p50, p65, and c-rel subunits, has been cytokines and neutrophil recruitment into the airspace sugdemonstrated in intrapulmonary neutrophils, monocytes, gest that other factors are involved in mediating neutrophil and lymphocytes harvested from mice after 24 h of hyperemigration in this model. oxic exposure (54, 55) . Other studies, however, have found The limited number of adhesion molecules included in no change in NF-B activity until 72 h of hyperoxia (56). the array, including P-selectin and ICAM-1, showed no
In the present study, proinflammatory downstream prodsignificant changes in expression after 24 h of hyperoxia.
ucts of NF-B activation, including TNF-␣, IL-1␤, IL-6, PECAM-1 RNA expression was downregulated after 24 h MIP-2, iNOS, and ICAM-1 evaluated either by RPA, RT- (Table 4) , a finding confirmed using RT-PCR (see below).
PCR, or by array analysis, were unchanged (Table 3 ) at 24 h. Significant increases in the pulmonary expression of adheThus, our data do not show clear evidence of increased sion molecules, including ICAM-1 (47), PECAM-1 (48), NF-B activity after 24 h of hyperoxia, although increases in and P-selectin (49), have been reported to occur after 48 h pulmonary expression of inflammatory mediators, such as of hyperoxic exposure, in association with increased neutro-TNF, ICAM-1, and MIP-2 after 48-72 h of oxygen exposure phil influx into the alveoli.
suggest that NF-B activation may occur at these later time Galectin-3 (previously known as Mac-2) was significantly points. elevated after 24 h of hyperoxia and continued to increase In summary, upregulation of key inflammatory mediaat 48 h (see Table 2 ). Galectin-3 is a ␤-galactosidase-binding tors, including cytokines and adhesion molecules, was not protein which has been implicated in a number of processes, apparent after 24 h of hyperoxia, despite the fact that pulincluding cell adhesion, cell growth regulation, inflammamonary sequestration of leukocytes can be demonstrated tion, and tumor metastasis (50) . Increases in galectin-3 may at this time. Based on data from other studies, it is likely be associated with activation of incoming macrophages, and that these genes become upregulated later in the course of a similar increase has been shown in a nickel-induced model hyperoxic damage. of inflammatory lung injury (17). Galectin-3 has also reCell cycle progression. It is well established that injuries cently been shown to play an anti-apoptotic role in some inducing DNA damage, such as irradiation or carcinogens, cell lines and may stimulate cell proliferation (51).
cause cell cycle arrest. Although increases in oxygen pres-NF-B activation by intracellular generation of ROS is sure or ROS can also result in mutations and DNA damage widely accepted (52, 53) . Generation of ROS by oxidative (57), much less is known about the effect of oxidant injury stress causes phosphorylation and degradation of the IB on cell cycle kinetics. Examination of cell cycle and proliferprotein, with rapid translocation of the NF-B dimer to ation genes present on the array revealed decreases in cyclin the nucleus. NF-B regulates transcription of a number of genes, including those regulating inflammation and immune D1, E1, and cdk4 at 24 h, whereas cyclin A1 increased. Ex- Figure 3 . Changes in apoptosis-related gene expression at 24 h of hyperoxia. Changes in apoptosis gene expression are expressed using the GenMapp format. Genes that had a ratio (hyperoxic/normoxic) greater than 1.5 and that had a significance value of P р 0.05 are labeled red. Those genes that had a ratio less than 0.66 (equivalent to a 1.5 fold change from baseline) and that a significance value of P р 0.05 are labeled blue. Those genes whose P value was Ͼ 0.05 are labeled yellow, and those genes that were not on the array or had values below our thresholds and were not evaluated using RT-PCR are labeled white. The actual ratios are shown to the right of each box.
pression level of cyclin D2, D3, and the key transcriptional bers is key, it appears that, overall, the lung is slightly antiapoptotic at this early time point. regulator E2F-1 did not change. Consistent with previous
The majority of other studies examining apoptosis in reports (12) , there was a large increase in p21 gene expreshyperoxic lung injury have focused on later time points (48 sion at 24 h, with further increase at 48 h confirmed using or 72 h), making comparisons with our data difficult. For RT-PCR (Table 2) . p27 levels did not change, whereas the most part, these studies have shown increased apoptosis expression levels of the inhibitors p57 and p18 were deas evidenced by TUNEL staining and increased immunocreased. The levels of proliferating cell nuclear antigen did staining for p53 protein (11, 61, 63). Despite this increase, not change. Changes in TGF-␤ were variable. Although a p53-null mice, Fas null mice, or mice treated with a caspase moderate increase was seen with RT-PCR at 24 h (Table 2) , inhibitor (Z-VAD) and exposed to high levels of oxygen levels had returned to baseline by 48 h. Therefore, the role of are not protected from lung injury, suggesting that either TGF-␤ in this response remains unclear, although Corroyer these particular apoptosis pathways, or apoptosis in general, and coworkers, using an anti-TGF-␤ antibody in cultured many be only a minor contributor in the cell death induced alveolar Type II epithelial cells in response to oxidant stress, by hyperoxia. have suggested that it may be involved in regulating this
Endothelial cell-related changes. Although the toxic route process (58) .
of entry is inhalational rather than systemic during oxygen Consistent with our findings and this in vitro work, inducadministration, many of the early signs of injury are assocition of the growth inhibitor p21
Cip1/WAF1 in the lungs of mice ated with the endothelial, rather than the epithelial, side exposed to hyperoxia has been noted by two groups (12, of the alveolar-capillary barrier, suggesting a prominent role 59). Marked increases in p21 message and protein was seen for endothelial cell activation and injury in orchestrating primarily 48 h and later after exposure to oxygen. In contrast further events. To determine how endothelial cell activation to the upregulation of p21, McGrath noted no differences in might contribute to the development of oxygen-induced lung expression of p27
Kip1 or p53 mRNA. Recently, p21-deficient injury, we examined a total of 16 relatively specific endothemice have been shown to develop greater lung injury and lial cell markers included in the array that had sufficient have decreased survival times in response to hyperoxia than expression levels for further analysis (see Table 4 ). Six of wild-type mice (60), suggesting that the increase in p21 may the 16 genes evaluated had a greater than 1.5-fold change be part of a protective response.
from control values at 24 h, although only 4 changes reached In summary, our data suggest that an overall inhibition statistical significance. of cell cycle progression was induced by 24 h of hyperoxia Two of the more interesting changes were decreases in and may be secondary to increased expression of p21.
expression levels of PECAM-1 and thrombomodulin (TM). Apoptosis. Exposure to hyperoxia eventually leads to When re-examined using RT-PCR, the decrease in TM was endothelial and epithelial cell destruction. The mechanisms significant (ratio ϭ 0.63, P Ͻ 0.02). Changes in TM were for this injury are still not known completely, but almost further examined at 48 h using RT-PCR and revealed a furcertainly involve direct oxidant-induced DNA damage, as ther decrease in gene expression (ratio ϭ 0.41, P Ͻ 0.006). well as damage to proteins and lipids. The mode of cell PECAM-1 is a highly expressed member of the immunodeath also remains unclear. Reactive oxidant species induce globulin superfamily on the surface of endothelial cells that apoptosis in vitro in some systems (61, 62) , whereas in other functions in both cell adhesion and signal transduction. It is models, including a lung epithelial cell-like line (A549 cells), most clearly recognized as a regulator of leukocyte transmiexposed to hyperoxia, cell death occurred without apoptosis gration (64). The decrease in the PECAM transcript was (61) . Hyperoxic lung injury in animal models is characterunexpected in light of the increases in PECAM-1 protein ized by a cell death response that has features of both expression that have been previously reported in response necrosis and apoptosis (12, 61, 63) .
to more prolonged exposures to oxygen (48) . To determine Figure 3 shows the relative expression levels of recogwhether changes in protein expression paralleled the changes nized pro-and antiapoptotic genes that were significantly exseen in mRNA expression, immunoblot analysis was used. pressed on the array. Relatively few of these genes showed Although PECAM-1 mRNA was decreased, PECAM-1 significant changes in expression. It was interesting to comprotein expression was not changed from baseline values pare expression levels of the pro-versus antiapoptotic genes at the 24 or 48 h time points examined (Figure 4 , upper of the Bcl-2 family. Although Bcl-2 levels were not altered, panel). This suggests that the PECAM protein may be relathere was a large upregulation of the antiapoptotic gene tively stable and that it lags behind the changes in RNA. Bcl-X L at 24 h (confirmed by PCR), which continued to It is also possible that PECAM-1 protein on the surface on increase over time. Of the proapoptotic members of the infiltrating leukocytes or platelets may contribute to the family, BAD and BAK did not change, but BAX was sigtotal PECAM protein detected by immunoblot. Further nificantly increased. These data are strikingly similar to that studies using immunostaining, in situ hybridization, and inreported in a study of O'Reilly and coworkers (13) studying travascular marking with labeled antibodies are in progress Bcl-2 family gene expression in mouse lung during hyperto explore this finding. oxia. Although later time points were studied (48-88 h),
Thrombomodulin is a membrane-bound glycoprotein mice were reported to show increased mRNA levels of found primarily on the endothelial cell that acts to regulate Bax and Bcl-2 with no changes in other family members.
the coagulation pathway by modifying the action of thromInterestingly, protein analysis showed increased levels of bin (65) . Thrombomodulin directly inhibits the procoagulant activities of thrombin, as well as acting as a cofactor in Bcl-X L , but not Bax. Because the ratio of these family mem- Figure 5 . Northern blot analysis of thrombomodulin mRNA expression after hyperoxia. Total RNA was extracted from lung tissues of three control mice and four mice exposed to 24 h of Figure 4 . Protein expression levels of PECAM-1 and thrombomohyperoxia, respectively. Pooled samples were analyzed for thromdulin before and after hyperoxia. Whole lung protein extracts were bomodulin mRNA expression by Northern blot analysis. Densiprepared from four control animals (0 h) or four animals exposed tometry was performed and a relative density of thrombomodulin to Ͼ 95% oxygen for 24 or 48 h. Equal amounts of protein were mRNA expression was calculated by normalizing for ␤ actin run on SDS-PAGE gels, transferred to nylon membranes, and mRNA expression (upper panels). As a comparison, changes in immunoblotted with anti-PECAM mAb, anti-␤-actin mAb (as a thrombomodulin mRNA expression, normalized to ␤ actin mRNA loading control), or anti-Thrombomodulin mAb. Densitometry expression, as measured by RT-PCR at 24 h (n ϭ 7/time point, was performed and a relative density of expression (on an arbitrary mean Ϯ SEM) are depicted in the lower panel. scale) was calculated by normalizing for ␤-actin expression. The upper panels show expression of PECAM-1 protein was unchanged at 24 and 48 h of hyperoxia. In contrast, the amount of thrombomodulin protein (lower panels) was significantly decreased at 24 h expression was significantly decreased by ϳ 40% by 24 h, with even lower levels by 48 h. and continued to decrease to 80% of control values at 48 h.
Oxidation of TM in vitro has been shown to rapidly decrease 75-90% of TM activity (25). To determine whether decreases in TM activity paralleled the decreases in protein expression in vivo, we used an assay measuring TM activity the protein C anticoagulant pathway. Activated protein C by the ability of tissue homogenates to catalyze the conver-(APC) functions as an anticoagulant by proteolytic inactivasion of a chromogenically labeled Protein C to APC in the tion of the coagulation cofactors Va and VIIIa. In addition, presence of thrombin. Compared with control, TM activity a number of anti-inflammatory effects, including decreased was decreased to 80.7 ϩ 8.9% (mean Ϯ SEM) at 24 h and leukocyte adhesion in vitro and in vivo, have been attributed 53.8 Ϯ 8.6% (P Ͻ 0.05) at 48 h of hyperoxia. to protein C activation (66) (67) (68) (69) . Finally, APC can also inAlthough activation of the coagulation cascade and crease the fibrinolytic response by inhibiting plasminogen platelet accumulation within the lung in response to hyperactivator inhibitor 1 (PAI-1). Deposition of fibrin within oxia in vivo has been demonstrated by other investigators the alveoli and an increase in PAI-1 expression has been (3, 70) , the significance of these events have not been exdemonstrated after 48-72 h of hyperoxia (9) . plored in much detail. Given the key role of endothelial Given the potential importance of TM expression in thrombomodulin in binding thrombin and activating Proendothelial cell activation and in modifying the coagulation, tein C, these data raise the intriguing possibility that deinflammatory and fibrinolytic cascades, further validation creases in thrombomodulin expression and/or activity and of changes in TM mRNA expression in total lung extracts associated changes in the protein C pathway could contribwas done. Northern analysis showed a 70% downregulation ute to not only to activation of the coagulation cascade, but of message ( Figure 5 ). In addition, changes in mRNA exalso to inhibition of the fibrinolytic system and activation pression were correlated to changes in protein expression of the inflammatory response, and the development of lung by immunoblot analysis of total lung extracts. As shown in injury in response to hyperoxia. Experiments to test this hypothesis are ongoing. Figure 4 (lower panel) , in contrast to PECAM-1, TM protein Extracellular matrix. Oxygen-induced lung injury resulted in increased expression of a number of genes involved in extracellular matrix repair (Table 2) . For example, elastin was upregulated ϳ 2-fold by 48 h and this increase was confirmed by RT-PCR. Another highly upregulated gene at 24 and 48 h after hyperoxia was Cysteine-rich protein 61 (cyr61). Cyr61 and its related family member, connective tissue growth factor (CTGF) are heparin-binding extracellular matrix-associated signaling proteins of the CCN protein family, a group of proteins involved in the regulation of cell growth and differentiation (71) . Upon synthesis, both proteins are secreted and become associated with the cell surface and extracellular matrix, where they support cell adhesion, migration, and proliferation in fibroblasts. Both TGF-␤1-dependent and independent mechanisms for cyr61 upregulation have been described. Cyr61 in particular has been shown to regulate several genes important for wound healing, including those involved with angiogenesis (VEGF), inflammation (IL-1␤), extracellular remodeling (collagenase-1 [MMP-1], stromelysin-1 [MMP-3], TIMP1, uPa, and PAI-1), and cell-matrix interactions (integrins ␣3 and ␣5). Interestingly, increased expression of TIMP-1, PAI-1, uPA, and VEGF have all been demonstrated in response to hyperoxia (10, 14, 37) .
Both RT-PCR (Table 2) and Northern blot analysis (FigFigure 6 . Northern blot analysis of cyr61 mRNA expression after ure 6) confirmed a large increase in cyr61 expression at overview of gene expression in the lung after hyperoxia, there are a number of caveats that must be kept in mind. First, array data provides information on gene expression levels. Important functional changes induced by post-transinterest to more fully examine. It would also have been lational modifications (such as phosphorylation) cannot be exciting to further evaluate genes of unknown function identified. It is also clear that changes gene expression levels (ESTs), that were up-or downregulated by hyperoxia; howmay not necessarily reflect actual protein levels. For examever, these experiments must await future studies. ple, although PECAM mRNA expression fell, protein levels Lastly, array data contains large amounts of variability, did not. Array data findings of potential pathophysiologic requiring confirmatory tests. We were encouraged to obimportance (i.e., changes in PECAM-1 or thrombomodulin serve that, of those genes where array data was compared mRNA levels) need to be studied at the protein or funcwith semiquantitative RT-PCR, changes occurred in same tional level. Second, in our experiments, we have examined direction and were of similar magnitude. Therefore, we feel whole lung tissue gene expression that includes epithelial the data from these arrays may be used to serve as guidecells, endothelial cells, interstitial cells, as well as circulating posts to interesting changes. or adherent hematopoietic cells. Although some cell type "specific" genes can be identified (e.g., endothelial cellSummary related genes), most of the genes on the array are likely to In summary, most of the genes included in the array showed be expressed by many cell types. The compact anatomy no significant change after 24 h of oxygen exposure. Of of the lung, especially in the alveolar spaces, will make those genes that did change, the majority appeared to be unraveling specific cell type changes difficult, requiring techdownregulated rather than upregulated, supporting the niques such as immunoelectron microscopy or laser capture emerging view that moderate oxidative stress specifically microdissection. In addition, important changes in a subset downregulates the expression of a number of genes. Relaof genes could easily be "diluted" out, markedly lowering tively small changes in genes expressing lung antioxidant the sensitivity of the analysis. Third, the large number of enzymes were seen, with only a few oxidant genes, including genes included in the initial array did not allow for careful glutathione peroxidase, GST Pi1, and HO- 
